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Introduction {#anie201916484-sec-0001}
============

Aerogels are a large class of self‐supported porous materials with virtually unlimited compositions ranging from silica, polymers, nanocarbons, and semiconductors to metals.[1](#anie201916484-bib-0001){ref-type="ref"}, [2](#anie201916484-bib-0002){ref-type="ref"}, [3](#anie201916484-bib-0003){ref-type="ref"}, [4](#anie201916484-bib-0004){ref-type="ref"}, [5](#anie201916484-bib-0005){ref-type="ref"}, [6](#anie201916484-bib-0006){ref-type="ref"}, [7](#anie201916484-bib-0007){ref-type="ref"} Especially for the recently emerging noble‐metal aerogels (NMAs), their combined features, including self‐supported architectures, high specific surface areas, 3D electron/mass transfer pathways, and numerous optically/catalytically active sites, have endowed them with broad application prospects such as in electrocatalysis, surface‐enhanced Raman scattering, and sensing.[8](#anie201916484-bib-0008){ref-type="ref"}, [9](#anie201916484-bib-0009){ref-type="ref"}, [10](#anie201916484-bib-0010){ref-type="ref"} However, since their discovery in 2009,[11](#anie201916484-bib-0011){ref-type="ref"} the development has been quite slow, which is presumably due to the great challenges encountered by the material fabrication.[8](#anie201916484-bib-0008){ref-type="ref"}

The aerogel is created following the route: solution → wet gel → aerogel, where the core lies in the sol--gel step. The majority of NMAs are created following this approach, producing widespread materials with tailored ligament sizes (that is, the diameter of the primary nanowires in the gel network), compositions, and microstructures. However, preparing wet gels usually requires extra additives (such as dopamine, salts, ligands, or oxidants[12](#anie201916484-bib-0012){ref-type="ref"}, [13](#anie201916484-bib-0013){ref-type="ref"}, [14](#anie201916484-bib-0014){ref-type="ref"}, [15](#anie201916484-bib-0015){ref-type="ref"}, [16](#anie201916484-bib-0016){ref-type="ref"}, [17](#anie201916484-bib-0017){ref-type="ref"}, [18](#anie201916484-bib-0018){ref-type="ref"}) or elevated temperatures,[19](#anie201916484-bib-0019){ref-type="ref"}, [20](#anie201916484-bib-0020){ref-type="ref"} thus introducing various impurities or forming less‐controlled microstructures. Additionally, long gelation times (up to a few weeks) and tedious procedures (such as ultracentrifugation) are also frequently encountered, thus impeding the material preparation.[11](#anie201916484-bib-0011){ref-type="ref"}, [21](#anie201916484-bib-0021){ref-type="ref"} Moreover, an efficient structure control over multiple scales, for example, from nanometers to micrometers, is still in absence.

In the field of polymer science, the freeze--thaw technique has been used to create the physical crosslinks in concentrated solutions by re‐organizing the arrangement of polymer chains, thus yielding the corresponding hydrogels (for example, poly(vinyl alcohol) (PVA) and starch gels).[22](#anie201916484-bib-0022){ref-type="ref"}, [23](#anie201916484-bib-0023){ref-type="ref"} A variant of this method, which is known as freeze casting, has been adopted to fabricate diverse aerogels made up of carbons and ceramics, where the precursor aqueous solution is directly freeze‐dried to form the corresponding aerogels.[24](#anie201916484-bib-0024){ref-type="ref"}, [25](#anie201916484-bib-0025){ref-type="ref"}, [26](#anie201916484-bib-0026){ref-type="ref"} With this method, macro‐ and mesoscale structures of the resulting aerogels can be tailored to some extent, because of the templating effect from the ice crystals formed in situ. Recently, this method has been extended to NMA synthesis, where aerogels were produced by direct freeze‐drying of silver nanowires, gold nanowires, or various metal nanoparticle (NP) precursor solutions.[27](#anie201916484-bib-0027){ref-type="ref"}, [28](#anie201916484-bib-0028){ref-type="ref"}, [29](#anie201916484-bib-0029){ref-type="ref"}, [30](#anie201916484-bib-0030){ref-type="ref"} Nevertheless, this method does not fit well with noble‐metal systems, because highly concentrated precursor solutions (typically \>100 m[m]{.smallcaps}) are required to support a monolithic aerogel, thus often rendering large ligament sizes (200--500 nm for gold aerogels). Additionally, because the gel formation and drying process are coupled, substantial ligands which have been introduced to stabilize the precursor solutions can inevitably contaminate the resulting aerogels. In this regard, a general method capable of synthesizing clean and structurally controllable NMAs is urgently desired, for both intrinsic properties investigations and application performance optimization.

Previously, we found that the as‐formed noble‐metal aggregates can maintain a long‐time reaction activity during the gelation process, that is, a self‐healing behavior.[15](#anie201916484-bib-0015){ref-type="ref"}, [31](#anie201916484-bib-0031){ref-type="ref"} Inspired by this fact, a freeze--thaw method was developed here as an additive‐free approach to directly destabilize various metal NP solutions (Au, Pd, Rh, Au‐Ag, Au‐Pd, Au‐Pt, and Au‐Rh, with metal salt concentrations *c* ~M~=0.2--0.5 m[m]{.smallcaps}), thus creating the corresponding NMAs. Upon freezing, large aggregates are generated due to the intensified salting‐out effects incurred by the dramatically raised local solute concentration, and they are shaped concurrently at macroscale by in situ formed ice crystals. After thawing, they settle down and assemble to monolithic hydrogels in virtue of the self‐healing properties. Purified and dried, clean hydrogels and the corresponding aerogels are obtained, respectively. Ascribed to the hierarchically porous structures generated from a combined ice templating (macroscale) and aggregate stacking (meso‐ and microscale), the cleanliness, and the combined catalytic/optical properties, the resulting Au‐Pd and Au‐Pt aerogels display enhanced electrocatalytic and photoelectrocatalytic performance, which delivers a current density of up to 6.5 times higher than that of commercial Pd/C for the ethanol oxidation reaction (EOR). Therefore, the current work not only provides a new method to create clean and hierarchically structured NMAs directly from dilute precursor solutions, but also opens an avenue to probe their intrinsic electrocatalytic and photoelectrocatalytic performance. Moreover, the as‐developed strategy may also shed light on the fabrication of widespread clean hydrogels and aerogels with multi‐level structures for specific applications.

Results and Discussion {#anie201916484-sec-0002}
======================

Fabrication of the Gold Hydrogels and Aerogels {#anie201916484-sec-0003}
----------------------------------------------

As an example, the fabrication of gold aerogels is illustrated. In brief, a stable gold NP solution (0.5 m[m]{.smallcaps}) was prepared by reducing HAuCl~4~ solution with NaBH~4~ in absence of ligands. As seen from Figure [1](#anie201916484-fig-0001){ref-type="fig"} a, by directly freezing in liquid nitrogen (−196 °C), the original red solution turned to a dark‐gray solid. After sequentially thawing in air (10--20 °C) and water bath (25--30 °C), a black solution was obtained, which was further converted to a monolithic hydrogel after sedimentation. The freeze--thaw process can also be achieved in a few hours by using a fridge (−20 °C), while grounding above the freezing point (≥5 °C) will not trigger the reaction (Supporting Information, Figure S1). It is worth mentioning that the hydrogel presented in Figure [1](#anie201916484-fig-0001){ref-type="fig"} a is rather small because of the low precursor concentration and small volume, while an upscale production is possible which will be shown later. Subsequent purification, solvent‐exchange with *tert*‐butanol, and freeze‐drying eventually led to the corresponding gold aerogel. It is worth mentioning that the network structure is fixed at the hydrogel stage. The following freeze‐drying process with *tert*‐butanol as medium, which is regarded to accelerate the drying process and to suppress the crystal growth upon freezing[32](#anie201916484-bib-0032){ref-type="ref"} is adopted to minimize the structure change and facilitate drying. Because organic ligands or extra initiators were not introduced, and a purification step was allowed to be inserted to remove highly water‐soluble small‐size inorganic ions (such as Na^+^, BH~4~ ^−^, and Cl^−^) before freeze‐drying, clean aerogels were obtained by this freeze--thaw‐assisted process. The morphology of the resulting gold gel was revealed by scanning electron microscopy (SEM) and transmission electron microscopy (TEM), disclosing a distinct hierarchical structure as illustrated in Figure [1](#anie201916484-fig-0001){ref-type="fig"} b,c. Differing from various previously reported NMAs featuring a single‐level structure,[11](#anie201916484-bib-0011){ref-type="ref"}, [12](#anie201916484-bib-0012){ref-type="ref"}, [15](#anie201916484-bib-0015){ref-type="ref"}, [18](#anie201916484-bib-0018){ref-type="ref"}, [20](#anie201916484-bib-0020){ref-type="ref"} the combined SEM and TEM images clearly reflected an eminent hierarchical morphology shaped by ice crystals, where extended 3D‐branched networks were observed at the microscale while compact aggregates were observed at the macroscale.

![The freeze--thaw‐directed fabrication of gold gels. a) Photographs of various stages of the freeze--thaw‐directed gelation process of the Au NP solutions (*c* ~M~=0.5 m[m]{.smallcaps}) and the corresponding aerogels. Liquid nitrogen is used for freezing. b) SEM image and c) TEM images of the obtained gold aerogel. d) Time‐lapse UV/Vis absorption spectra of the original Au NP solution, and the solution after freezing for 5 min and thawing for different periods of time. e) TEM images of original Au NP solution (freezing for 0 s), and the solution after freezing for 15 s, 30 s, 45 s or 120 s followed by thawing for about 5 min.](ANIE-59-8293-g001){#anie201916484-fig-0001}

The aforementioned process was characterized in situ by time‐lapse UV/Vis absorption spectroscopy (Figure [1](#anie201916484-fig-0001){ref-type="fig"} d). The characteristic absorption peak of gold NPs centering at 502 nm disappeared after thawing. Instead, a featureless absorption spanning over the entire wavelength range was observed, suggesting the formation of large nanostructured aggregates.[33](#anie201916484-bib-0033){ref-type="ref"} The gelation process was further unveiled by comparing the morphologies of as‐prepared gold NPs, and the formed aggregates after freezing for different periods of time. As displayed in Figure [1](#anie201916484-fig-0001){ref-type="fig"} e, upon freezing, two processes took place: 1) original small and separate Au NPs (size 2--5 nm) partially grew to form large NPs (size 20--40 nm) and 2) large NPs fused to form branched‐nanowire‐like gel networks. This is different from the phenomena observed in salt‐induced gelation process,[15](#anie201916484-bib-0015){ref-type="ref"} where the gel network instantly formed upon initiation, and the ligament size of the as‐formed network gradually increased with elongated reaction time. Notably, since the multimetallic gels were prepared from multimetallic NPs (Supporting Information, Figure S2), the corresponding gel formation mechanism should be similar. After the freeze--thaw process, as‐formed large aggregates were driven to sediment by gravity owing to the large bulk density of gold (19.3 g cm^−3^),[15](#anie201916484-bib-0015){ref-type="ref"} corresponding to the decrease of the absorption intensity with prolonged time. Taking advantage of their long‐term reaction activity, after automatically concentrating at the bottom along with sedimentation, these highly concentrated aggregates assembled together to a monolithic gold hydrogel with a volume much smaller than the initial NP solution.[15](#anie201916484-bib-0015){ref-type="ref"}

Mechanisms of Freeze--Thaw‐Promoted Gelation {#anie201916484-sec-0004}
--------------------------------------------

For all of the previously reported freeze--thaw and freeze‐casting methods, a sufficiently high precursor concentration is required. Upon freezing, solutes are expelled to the boundaries between adjacent ice crystals, thus being forced to form a continuous 3D network templating ice crystals. During drying in vacuum, the ice crystals sublimate and the corresponding monolithic aerogels are obtained. However, for noble‐metal systems, organic ligands are inevitably introduced to acquire highly concentrated and stable precursor solutions (*c* ~M~\>100 m[m]{.smallcaps}), thus remaining in the final aerogel. Additionally, a high metal concentration can substantially increase the ligament size such as to 200--500 nm for the gold NP system[28](#anie201916484-bib-0028){ref-type="ref"}), considerably reducing the number of exposed reaction sites.

Previously we found that a high concentration of salt can destabilize noble‐metal NP solutions to form the corresponding hydrogels, during which process the metal aggregates exhibit a long‐term reactivity, that is, a self‐healing behavior.[15](#anie201916484-bib-0015){ref-type="ref"}, [31](#anie201916484-bib-0031){ref-type="ref"} On this basis, we propose that the freeze--thaw method can directly work on the dilute metal NP solutions (*c* ~M~≤0.5 m[m]{.smallcaps}). As shown in Figure [2](#anie201916484-fig-0002){ref-type="fig"} a, i) starting from a gold NP solution, ii) upon freezing, the considerably reduced liquid water dramatically increases the local concentration of solutes (gold NPs, certain ions (Na^+^, Cl^−^, BH~4~ ^−^, and BO~2~ ^−^) resulting from HAuCl~4~ and NaBH~4~ for the NP synthesis), thus inducing a salting‐out destabilization process and generating small aggregates shaped by adjacent ice crystals; iii) after thawing, the as‐formed aggregates sediment driven by gravity,[15](#anie201916484-bib-0015){ref-type="ref"} iv) eventually concentrating at the bottom of the vessel, where the gelation threshold is reached and a monolithic gel is acquired accordingly. It is worth mentioning that upon freezing (step II), several factors including the temperature‐dependent Brownian motion, the increasing concentration of NPs, and the increasing concentration of ions can play roles. First, previously, we found that a low temperature only retards the reaction kinetics while not affecting the network structure and ligament sizes.[34](#anie201916484-bib-0034){ref-type="ref"} Additionally, freezing either in liquid nitrogen (−196 °C) or in a fridge (−20 °C) can produce gels (Figure [1](#anie201916484-fig-0001){ref-type="fig"} a; Supporting Information, Figure S1). Hence, given that the temperature is below the freezing point, it should have a minimal effect on the gelation mechanism. Second, the raising NP concentration can shorten the distance between the NPs, which will increase both the frequency of NP collisions and the van der Waals (vdW) attraction. The potential of short‐range vdW attraction (in proportion to *r* ^−6^) will overwhelm the long‐range electrostatic repulsion between charged NPs (in proportion to *r* ^−1^) with decreasing distance, thus overcoming the kinetically unfavorable aggregation process in the original colloidal solution. Third, the increase of the ion concentration upon freezing will activate the salting‐out effect, thereby triggering the gelation process as reported previously.[15](#anie201916484-bib-0015){ref-type="ref"} As a proof, strong stabilizers can suppress the freezing‐induced destabilization (Supporting Information, Figure S3), which behaves similar to the salting‐out method.[15](#anie201916484-bib-0015){ref-type="ref"} When the effects from increasing NP and ion concentrations overwhelm the low‐temperature‐induced sluggish kinetics, the gelation will occur.

![Proposed mechanisms of the freeze--thaw‐directed gelation process. a) Model for the gelation process, following (i) the original NP solution, (ii) the freeze‐induced assembly, (iii) the thaw‐induced unlocking of aggregates, and (iv) the gravity‐ and self‐healing‐driven gel formation. b)--d) MC simulations for systems with various particle concentrations (*c* ~0~, 5 *c* ~0~, 20 *c* ~0~, and 100 *c* ~0~): The distributions of b) the required steps to form one single aggregate, c) the number of remaining aggregates (*N* ~agg~) after 10 000 MC steps, and d) the average radius of gyration (*R* ~g~) of the resulting aggregates after 10 000 MC steps. e) Typical MC snapshots of the systems with indicated particle concentrations after 10 000 MC steps.](ANIE-59-8293-g002){#anie201916484-fig-0002}

In this way, noble‐metal hydrogels were created by the freeze--thaw process at an initial metal concentration down to 0.2 m[m]{.smallcaps}, which is 2--3 orders of magnitude lower than that for the previously reported freeze‐casting method.[26](#anie201916484-bib-0026){ref-type="ref"}, [28](#anie201916484-bib-0028){ref-type="ref"}, [29](#anie201916484-bib-0029){ref-type="ref"}, [30](#anie201916484-bib-0030){ref-type="ref"} Without introduction of any ligand or additive, the gold gel was obtained, featuring a ligament size of 35.0±7.2 nm, which is about one order of magnitude smaller than the previously reported value as fabricated by freeze‐casting.[28](#anie201916484-bib-0028){ref-type="ref"} Additionally, the ice‐templating further shapes the macrostructures of the gel, thus giving rise to a distinct hierarchical structure as evidenced from the SEM and TEM images (Figure [1](#anie201916484-fig-0001){ref-type="fig"} c,d). A full understanding of this gelation process in combination with precise theoretical modelling would indeed be beneficial, while it is beyond the scope of the current work.

To intuitively demonstrate the effect of freezing in the gelation process, Monto Carlo simulations can serve as a useful tool.[35](#anie201916484-bib-0035){ref-type="ref"} Considering the calculation costs and limited available parameters, here only one of the most pronounced features, that is, the increasing concentration of the NPs, was simulated to give an intuitive impression on the freeze‐promoted gelation process without involving other interactions. Briefly, the MC algorithm lets non‐interacting particles undergo a random‐walk procedure in a spherical space. Particles that meet during movement are considered as rigid aggregates afterwards. The algorithm is terminated when all particles are aggregated to one single aggregate, and statistical analysis was performed over 1000 simulations per parameter set. To simulate the freezing effect, four systems with the same number of particles while confined in different spatial volumes (corresponding to different particle concentrations, that is, *c* ~0~, 5 *c* ~0~, 20 *c* ~0~, and 50 *c* ~0~) were adopted for comparison, where the freezing degree is positively correlated to the particle concentrations. As seen from Figure [2](#anie201916484-fig-0002){ref-type="fig"} b, to form one single aggregate, the number of required MC steps decreases significantly with increasing particle concentrations, implying that a freezing state can considerably promote the aggregate formation. This is also supported by analyzing the number of remaining aggregates (*N* ~agg~) and the average radius of gyration (*R* ~g~) of the aggregates after 10 000 MC steps for different particle concentrations. As illustrated in Figures [2](#anie201916484-fig-0002){ref-type="fig"} c,d, a smaller *N* ~agg~ and a larger *R* ~g~ are observed for the high‐particle‐concentration scenario, indicating that the gelation speed is substantially accelerated and the large aggregates quickly form in the freezing system. More intuitively, typical populations of the four systems after 10 000 MC steps are presented in Figure [2](#anie201916484-fig-0002){ref-type="fig"} e, where the particles in the low‐concentration‐system (*c* ~0~) are almost stay in the original state, while the particles in the high‐concentration system (50 *c* ~0~) have fully reacted and formed a single aggregate. These simulations can qualitatively demonstrate the underlying mechanisms for the freeze--thaw triggered gelation process.

Generality of the Freeze--Thaw‐Promoted Gelation Method {#anie201916484-sec-0005}
-------------------------------------------------------

To modulate the ligament size, the specific ion effects, which had been reported previously,[15](#anie201916484-bib-0015){ref-type="ref"} were combined with the current freeze--thaw method. As shown in Figure [1](#anie201916484-fig-0001){ref-type="fig"} a, without any additives, the NP solution cannot fully react as evidenced from the light red color of the solution. In contrast, a very small amount of inorganic salts (concentration of 0.2--5.0 m[m]{.smallcaps}) can considerably promote the gelation (Supporting Information, Figures S4--S6), in which the concentration is much below the gelation threshold (10--60 m[m]{.smallcaps}, without freeze--thaw treatment) and substantially smaller than that of the report elsewhere (30--100 m[m]{.smallcaps}).[15](#anie201916484-bib-0015){ref-type="ref"} In agreement with the previous findings, the ligament size of the aerogel is tunable from 16.8 to 32.3 nm depending on the salts used (Figure [3](#anie201916484-fig-0003){ref-type="fig"} a), which indicates the good compatibility of the freeze--thaw process with other methods. This salt‐directed manipulation of the ligament size can be attributed to the different interactions between various ions and gold NPs.[15](#anie201916484-bib-0015){ref-type="ref"}

![Manipulation of the noble‐metal aerogels. a) The ligament size of gold aerogels with respect to the presence of specific salts during the freeze--thaw process. b),c) EDX mappings of b) Au‐Pd and c) Au‐Pt aerogels. d)--i) TEM images of NMAs with different compositions, d) Pd, e) Rh, f) Au‐Ag, g) Au‐Pd, h) Au‐Pt, and i) Au‐Rh. Insets are low‐magnification TEM images, reflecting the closely packed morphologies.](ANIE-59-8293-g003){#anie201916484-fig-0003}

Apart from the structure control, the freeze--thaw‐promoted gelation method is valid for preparing diverse NMAs with compositions ranging from Pd, Rh, Au‐Ag, Au‐Pd, Au‐Pt, to Au‐Rh (Supporting Information, Figure S7). In contrast, without applying the freeze--thaw treatment, all NP solutions remained stable or formed unsupported powders after long‐term standing (Supporting Information, Figure S8). The resulting NMAs were examined by various techniques (Figure [3](#anie201916484-fig-0003){ref-type="fig"} b--i; Supporting Information, Figure S9, Table S1). TEM images revealed that all aerogels manifested branched‐network structures at the micro‐/mesoscale (\<50 nm) and compact structures at a larger scale, in agreement with the SEM observations (Figure [3](#anie201916484-fig-0003){ref-type="fig"} d--i; Supporting Information, Figure S9). These hierarchical structures are similar to the gold system as mentioned in the previous section, which are dictated by the ice‐templating. The ligament sizes ranges from 3.3 to 7.2 nm, depending on the specific compositions (Supporting Information, Table S1). It needs to be mentioned that, as stated before, the hydrogel matrix was fixed during the freeze--thaw process, and the following drying method (freeze drying or critical‐point drying) does not affect the morphology (Supporting Information, Figure S10).

Among these aerogels, bimetallic Au‐Pd and Au‐Pt aerogels were particularly studied for their potential electrocatalytic and photoelectrocatalytic activities, which will be elaborated in the next section (Supporting Information, Figures S11--S13). The freeze--thaw method can produce monolithic hydrogels on a large scale, allowing to obtain the corresponding aerogels at a reasonable yield (75.4±4.2 %) and to estimate their densities (35.9±4.0 and 60.6±5.5 mg cm^−3^ for the Au‐Pd and the Au‐Pt aerogel, respectively). Powder X‐ray diffraction (XRD) confirms the presence and the alloying of the two metals (Supporting Information, Figures S12). High‐resolution TEM images show that Au‐Pd and Au‐Pt aerogels feature a high crystallinity with randomly distributed grain orientations (Supporting Information, Figure S13). From energy‐dispersive X‐ray spectroscopy (EDX) mapping (Figure [3](#anie201916484-fig-0003){ref-type="fig"} b,c; Supporting Information, Figures S14, S15), as observed previously,[15](#anie201916484-bib-0015){ref-type="ref"} various types of spatial element distributions were obtained such as relatively homogeneous distributions for the Au‐Pd and Au‐Rh aerogels, a rather inhomogeneous element distribution for the Au‐Pt aerogel, and a core--shell structure for the Au‐Ag aerogel. The reason of the core--shell architecture of the Au‐Ag aerogel can be attributed to the segregation of relatively low‐surface‐energy silver on the surface of relatively high‐surface‐energy gold, as reported elsewhere.[36](#anie201916484-bib-0036){ref-type="ref"} Furthermore, hierarchically structured pores, which are mainly made up of mesopores (2--50 nm, seen from the pore size distribution) and macropores (\>50 nm, seen from SEM and TEM observations), were found to afford substantially large Brunauer--Emmett--Teller (BET) surface areas (83.6 and 74.5 m^2^ g^−1^) and pore volumes (0.526 and 0.475 cm^3^ g^−1^) for the Au‐Pd and the Au‐Pt aerogels, respectively (Supporting Information, Figure S16, Table S1). These SSAs are larger than those of most reported NMAs (10--50 m^2^ g^−1^)[11](#anie201916484-bib-0011){ref-type="ref"}, [13](#anie201916484-bib-0013){ref-type="ref"}, [14](#anie201916484-bib-0014){ref-type="ref"}, [20](#anie201916484-bib-0020){ref-type="ref"}, [28](#anie201916484-bib-0028){ref-type="ref"}, [37](#anie201916484-bib-0037){ref-type="ref"}, [38](#anie201916484-bib-0038){ref-type="ref"} and only smaller than a few, such as the Pd aerogels prepared by Ca^2+^ crosslinking (40--108 m^2^ g^−1^),[39](#anie201916484-bib-0039){ref-type="ref"} Au‐Pd‐Pt aerogels prepared by salting‐out method (122.7 m^2^ g^−1^),[15](#anie201916484-bib-0015){ref-type="ref"} and the hierarchical silver aerogels prepared by (C(NO~2~)~4~‐mediated oxidation (43--160 m^2^ g^−1^) (Supporting Information, Table S2).[16](#anie201916484-bib-0016){ref-type="ref"} The synergy of a large specific surface area and a large pore volume can concurrently provide abundant active sites and fast mass‐transfer channels, which will be beneficial for catalytic applications as will be detailed in the next section.

Electrocatalytic and Photoelectrocatalytic Performance {#anie201916484-sec-0006}
------------------------------------------------------

Featuring hierarchically porous structures, stable and conductive 3D networks, as well as unique catalytic/optic properties, the as‐prepared Au‐Pd and Au‐Pt aerogels were examined for electrocatalytic and photoelectrocatalytic applications by using the ethanol oxidation reaction (EOR) as a model reaction. Here the gold, as the second most conductive metal only inferior to silver, can provide high stability, outstanding electrical conductivity as well as pronounced plasmonic effects, while the Pd or Pt can provide excellent catalytic properties. Notably, although the aerogel catalyst ink was prepared by sonication (in a similar way to prepare TEM samples), the networked structure was preserved at the micrometer‐scale (Supporting Information, Figure S17), which facilitates inheriting the structural advantages of the aerogels.

As illustrated in Figure [4](#anie201916484-fig-0004){ref-type="fig"} a, the peaks during the forward scan and the backward scan denote the oxidation of the ethanol and the oxidation of the intermediates generated during the forward scan, respectively.[18](#anie201916484-bib-0018){ref-type="ref"}, [20](#anie201916484-bib-0020){ref-type="ref"}, [40](#anie201916484-bib-0040){ref-type="ref"} The Au‐Pt aerogel and the Au‐Pd aerogel exhibit forward current densities (*I* ~f~) of 3.5 and 8.4 A mg^−1^, respectively, much larger than those of commercial Pt/C (0.9 A mg^−1^) and Pd/C (1.8 A mg^−1^). This can be attributed to the hierarchical structures of aerogels, which ensures both the smooth mass transfer and the abundant catalytic sites.

![Application of NMAs in electrocatalysis and photoelectrocatalysis. a) Electrocatalytic performance of the EOR with commercial and various aerogel catalysts in dark condition. The solid and dashed lines represent the forward and backward scans, respectively. b) The dependence of *I* ~f~ for the Au‐Pd and Au‐Pt aerogels on the power density of the light. c) Summarized *I* ~f~ and *I* ~f~/*I* ~b~ of various catalysts. The suffix 0, 1, and 2 denotes that the test was conducted under a light illumination with the power density of 0, 64.1, and 133.6 mW cm^−2^, respectively. d) The current retention of commercial and various aerogel catalysts under −0.23 V vs. AgCl/Ag in dark condition. All tests were performed in nitrogen‐saturated 1.0 [m]{.smallcaps} KOH+1.0 [m]{.smallcaps} ethanol aqueous solution.](ANIE-59-8293-g004){#anie201916484-fig-0004}

Noble‐metal nanostructures, especially for Au and Ag, feature unique plasmonic properties due to the remarkable electromagnetic field enhancement confined at the nanoscale. Although photoelectrocatalysis using noble metals has been extensively studied in the metal‐semiconductor hybrid systems, the plasmon‐driven photoelectrocatalysis on sole noble metals is only considered very recently.[33](#anie201916484-bib-0033){ref-type="ref"} Additionally, multiple absorption and scattering of incident light in the nanostructured NMAs can induce heating effect, which may also enhance catalysis. Based on these two mechanisms, here the EOR is taken as a model reaction to investigate the photoelectrocatalytic performance of NMAs. As seen from Figure [4](#anie201916484-fig-0004){ref-type="fig"} b and the Supporting Information, Figure S18, light irradiation promoted the EOR electrocatalytic current for both the Au‐Pt and the Au‐Pd aerogel, where 20.7 % and 40.2 % enhancement were observed (at a light power density of 133.6 mW cm^−2^), respectively. Since most NMAs show considerable broad‐band plasmonic absorption in the visible‐light region, the light‐directed promotion revealed here can serves as a general approach to considerably boost the electrocatalytic performance of various NMA systems. Because of the broad‐band absorption of the NMAs and the application of a white light source (wavelength 350--800 nm), the enhancing mechanisms can be attributed to either hot‐carrier transfer, the plasmonic thermal effects, or the thermal effect resulting from multiple light absorption/scattering inside the nanostructured gel networks.[30](#anie201916484-bib-0030){ref-type="ref"}, [31](#anie201916484-bib-0031){ref-type="ref"}, [41](#anie201916484-bib-0041){ref-type="ref"}

For an intuitive comparison, the forward current density (*I* ~f~, normalized by the mass of the active species (Pd or Pt)) and the ratio of the forward/backward current density (*I* ~f~/*I* ~b~) are summarized in Figure [4](#anie201916484-fig-0004){ref-type="fig"} c. All aerogel‐based catalysts display a considerably higher *I* ~f~ than that of the commercial noble‐metal catalysts (Pd/C and Pt/C). Especially, as further enhanced by light irradiation, the *I* ~f~ of the Au‐Pd aerogel is 6.5 times higher than that of Pd/C, and the one for Au‐Pt aerogel is 5.1 times higher than that of Pt/C, which outperforms previously reported Au‐Pd aerogels (2.9 times better than Pd/C[15](#anie201916484-bib-0015){ref-type="ref"}) and various other NMAs (e.g. Pd, Pd‐Cu, Pd‐Ni, Au‐Pd‐Pt aerogels, ca. 2.0 to 6.1 times better than Pd/C[15](#anie201916484-bib-0015){ref-type="ref"}, [17](#anie201916484-bib-0017){ref-type="ref"}, [18](#anie201916484-bib-0018){ref-type="ref"}, [19](#anie201916484-bib-0019){ref-type="ref"}, [20](#anie201916484-bib-0020){ref-type="ref"}). The high performance delivered by the current materials can be attributed to the synergy of the catalytic activity of Pd or Pt, the high electrical conductivities as well as the strong plasmonic absorption of Au, and the smooth mass transfer channels enabled by hierarchical structures of aerogels. Considering *I* ~f~/*I* ~b~, despite a lower *I* ~f~, Pt‐based catalysts (commercial Pt/C (1.22) and the Au‐Pt aerogel (1.69)) are superior than Pd‐based catalysts (commercial Pd/C (1.03) and the Au‐Pd aerogel (1.0)), which is in line with previous reports.[15](#anie201916484-bib-0015){ref-type="ref"} This might be attributed to that Pt can promote a more complete oxidation of ethanol during the forward scan. However, for the Au‐Pt aerogel, *I* ~f~/*I* ~b~ decreases with increasing light power density (from 1.69 to 1.48). Finally, various catalysts were evaluated at a constant potential (−0.23 V vs. AgCl/Ag; Figure [4](#anie201916484-fig-0004){ref-type="fig"} d), where both Au‐Pt and Au‐Pd aerogels feature a substantially better stability than that of the commercial Pd/C or Pt/C (11--28 % vs. 0--4 % at 3000 s). This can be attributed to the stable 3D networks of the aerogels, avoiding the detachment of catalysts.

Conclusion {#anie201916484-sec-0007}
==========

Various synthesis challenges in the field of noble‐metal aerogels have discouraged the evaluation of the intrinsic properties as well as the optimization of the application performance. Taking advantage of the self‐healing behavior of noble‐metal aggregates, freezing‐induced phase separation, and the ice‐templating effect, here a freeze--thaw method has been proposed capable of directly preparing various noble‐metal hydrogels within only one day from the corresponding dilute solutions (Au, Pd, Rh, Au‐Ag, Au‐Pd, Au‐Pt, and Au‐Rh, with metal salt concentration *c* ~M~≤0.5 m[m]{.smallcaps}) without introducing extra additives. The gelation mechanism is interpreted by the salting‐out effect induced by a dramatically increased solute concentration upon freezing, as partially reflected by corresponding MC simulations. In light of their multi‐scale structures, the cleanliness, and the combined catalytic/optic properties, the intrinsic electrocatalytic and light‐driven photoelectrocatalytic performance of the Au‐Pd and Au‐Pt aerogels were investigated for the electro‐oxidation of ethanol, delivering a current density of up to 6.5 times higher than that of commercial Pd/C catalysts. This can be attributed to a combination of the catalytic activity of Pd or Pt, the high conductivity as well as the plasmonic absorption of Au, and the hierarchical porous structure of the aerogels. Therefore, the present work not only overcomes the challenges for creating clean and hierarchically structured NMAs, but also demonstrates their impressive intrinsic electrocatalytic and photoelectrocatalytic performance, which may open up new space for both the fundamental and the application oriented studies of NMAs. Moreover, the as‐developed strategy may shed light on the fabrication of widespread clean and multi‐level‐structured hydrogels, aerogels, and foams for specific applications.
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